Abstract: An operation skill training is useful to enhance the skill of the workers in a shop floor. The number of repetition is a prominent factor in the training and has to be determined in such a way so that the training can be performed costeffectively. In this research, a novel model is developed to determine the optimal number of repetition in an operation skill training program by integrating learning curves into cost of quality. A real case study in a twist drill manual-sharpening training program is given to show the implementation of the model. A sensitivity analysis is performed to show the effect of the model's parameters to the decision variable and the objective function. Based on the optimization result, the optimal number of repetitions in the case study is found to be 26. It is also found that the developed model can be used to estimate the training cost, and to determine the training's target. 
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PUBLIC INTEREST STATEMENT
Operation skills such as welding, grinding, and assembling are very important for manufacturing employees. Those skills can be acquired through a training program. In the training, a trainee has to repeat a certain operation in order to master the skill. The question is how many repetitions that a trainee should do in the training. There are several methods to answer that question. Most of the methods are based on the skill-proficiency perspective. However, a training needs to be seen as an investment for the future, so the cost incurred in the training must be considered into the determination of the number of repetition. This research proposes a mathematical model to determine the number of repetitions based on the cost-effectiveness aspect. A real case study in a twist drill manualsharpening training program was conducted and the optimal number of repetition for the training program was successfully determined.
Introduction
Operation skills require precision, proper timing, and well coordinated sequence of body movements (Du & Xu, 2012) . The skills are needed in many professions, namely athletes, paramedics, military, and craftsmen. In manufacturing fields, the skills are mainly performed by the workers on the shop floor. Several examples of such skills in manufacturing fields are welding, grinding, and assembling. The operation skills are important to maintain company competitiveness and sustainability, especially for small, medium, and micro enterprises (McCoy, 2017; Noe, Clarke, & Klein, 2014; Urban & Naidoo, 2012 ).
An operation skill can be gained or enhanced through a training (Cheng, Niu, & Wei, 2011) . In the training, the mastery of skill requires a series of learning stages. The series of learning stages consists of observing, imitating action based on instruction, taking action without assistance, and repetition of actions (Mavrikios, Papakostas, Mourtzis, & Chryssolouris, 2013) . The repetition stage plays a major role in the training which will affect the automatization of skill, which means that the trainee is able to automatically perform a skill without any instruction and assistance (Spruit, Band, Hamming, & Ridderinkhof, 2014) . Small number of repetitions lead to failure of skill mastery, while large number of repetitions result in a longer duration of training which will lead to unnecessary high cost. Therefore, the number of repetition in a training needs to be determined properly by considering both the skill proficiency and the training cost.
Most research in the field of training used learning curve and plateau analysis was done to determine the optimal number of repetition. A learning curve generally follows a power law, which shows a pattern of rapid improvement followed by ever diminishing further improvements with practice (Ritter & Schooler, 2001 ). This implies that the curve continues to follow a plateau pattern. The starting point of the plateau is determined as the optimal point, since the additional repetition is no longer effective to improve the trainee's skill. The analysis was done by finding the learning curve's asymptotes (Newell & Rosenbloom, 1981) , which can be determined merely by visual observation on the curves, though this method suffers lack of accuracy (Hamade, Artail, & Jaber, 2005; Uribe S, Ralph Jr, Glaser, & Fried, 2004) . The accuracy to find the asymptotes can be improved by analytical method (Papachristofi, Jenkins, & Sharples, 2016) . The plateau of the learning curve can be analyzed by utilizing the cumulative sum control (CUSUM) chart (Ahlawat et al., 2018; Colli et al., 2018; Kang et al., 2015; Mathur & Lin, 2016; Serrano et al., 2017) . The CUSUM chart is a method to detect out-of-control signals and to determine a certain performance level. If the number of data to build the learning curve is large, the analysis can be done by statistical tests such as Friedman test (Grantcharov, Bardram, Funch-Jensen, & Rosenberg, 2003) , semiparametric and parametric mixed-effects models (Alli et al., 2016) or KPSS (KwiatkowskiPhillips-Schmidt-Shin) test (Suguita et al., 2017) . If the number of data is small, a different approach is used by identifying certain period along the curve where the variability of improvement has slowed to a predetermined level. The predetermined variability level can be less than 5% (Moghadam et al., 2015) or, if better accuracy is required, it can be less than 2.5% for at least five consecutive trials (Champney, Milham, Carroll, Stanney, & Cohn, 2006) . Those mentioned research attempted to determine the optimal number of repetitions from the perspective of skill proficiency. The training must stop at the point where there are no improvements in the proficiency. The goal of the optimization was only to achieve the maximum level of skills. However, a training should not only focus on the skill proficiency, but also be cost-effective (Offir & Katz, 1990) . From the perspective of economy, a training is an investment for the future (Basarab, 1990) . Each unit of cost incurs in a training must be able to return the value of benefits. Hence, the cost and the benefit of the training need to be analyzed (Bazzoli et al., 2017; Gabbett, Windt, & Gabbett, 2016; Saeed, Bury, Bonsall, & Riahi, 2016; Williams et al., 2016) . Johnson (1980) developed a model to determine the optimal duration of a training by integrating cost and learning curve. The research found the optimal point by balancing the training benefit (in monetary unit) and the training cost. However, the model's parameters were not clearly described and there is no real application of the model. Ever since, it is very hard to find a research with cost consideration to find the optimal number of training repetitions. Most of the research only considered the skill proficiency without taking into consideration the cost aspect. In this research, we develop an optimization model to determine the number of repetitions in an operation skill training by taking into consideration not only the skill proficiency but also the cost. The optimization also integrates a learning curve into the model. A real case study is given to show the implementation of the model. Hence, this research contributes practically to help the training stakeholders in determining the optimal number of repetitions in their operation skill training program.
Model notations
The notations used in this research are shown in Table 1 .
Model development
Learning curve is firstly introduced by Theodore Paul Wright in 1936 to examine the phenomenon of cost reduction in an aircraft product assembly (Grosse, Glock, & Müller, 2015) . In a repetitive task, a worker tends to perform faster in every repetition due to the learning effects. Equation (1) shows the change of performance of a worker in a repetitive task.
Notation r is the number of repetition, y is the time needed for the r th repetition of the task, y 1 is the time required for the first repetition, and n is the slope of the learning curve (learning exponent), with (−1 < n < 0).
In this research, the learning curve is used to model the training achievements in term of operation time (TÞ, training material consumptions M ð Þ, and standard deviation of operation time σ ð Þ. Based on Equation (1), the training achievements are then transformed into learning (2), (3), and (4).
The functions are then integrated into cost of quality, which consists of conformance and nonconformance costs (Schiffauerova & Thomson, 2006) . Conformance costs are all costs to ensure that a product or service conforms to the specifications, while non-conformance costs deal with poor quality of product or service. In a quality management system, the optimal quality level can be determined by minimizing the total cost of quality. In term of training, the quality level means the level of skill. Hence, the training cost represents the conformance cost. The training cost consists of two components, namely fixed cost and variable cost. The fixed cost is any cost in training which is independent to the number of repetition, such as administration cost. The variable cost is any cost in training which depends on the number of repetitions. In this research, two types of variable cost are introduced, namely time-dependent cost and material cost.
Variable cost can be modelled mathematically by the concept of effective quality capital (Kim & Nakhai, 2008) , which is defined as the result of investment accumulation in a quality improvement with a diminishing effect for each period. Each additional repetition in training requires additional variable cost and it will accumulate until the end of the training. Due to the learning effects, there will be a diminishing effect of skill improvement for each additional cost. The original diminishing effect is determined by a coefficient (α). In this research, the diminishing effect coefficient is substituted by the learning curve functions. Thus, the training cost can be expressed mathematically as in Equation (5).
C r ð Þ denotes the training cost as a function of repetition. F, c t , and c m denote the fixed cost, the time-dependent rate, and the material consumption rate respectively. The time-dependent rate can be determined from the sum of trainee salary rate, trainer rate, and facility rate (Basarab, 1990) . T 1 and M 1 are the learning curve's parameters from Equations (2) and (3). The learning curve functions in Equation (5) express the total length of the training time and the total consumption of training materials from repetition i to r.
Non-conformance cost is represented by the loss due to the poor quality of the training results. The loss arises from both the customer and the provider of the training. From the customer perspective, the loss may come from the lost opportunity to gain the benefits of training, which includes savings in wage/salaries, better service, penalty avoidance, and profit opportunity (Basarab, 1990) . From the training provider perspective, the loss mainly comes from dissatisfied customers in the form of opportunity loss and cost to recover the reputation (Snieska, Daunoriene, & Zekeviciene, 2013) . The better the skill achievement, the greater the opportunity for the customer and the provider to gain the benefits of training. It means any improvement of skill will reduce the loss.
Training loss can be quantified using Taguchi loss function, which is widely used to measure customer dissatisfaction cost and the effects of continuous improvement (Schvaneveldt & Enkawa, 1992) . In this research, the quality characteristic is represented by the operation time performed by the trainee. Based on the original smaller the better Taguchi loss function, there will be no loss if the quality characteristic is at zero point, which is almost impossible to achieve in operation time characteristic. Li (2003) modified the smaller the better of Taguchi loss function so that the function is more suitable to measure the time-based quality characteristics.
This research adopts Taguchi's EQL (Expected Quality Loss) formula in Li (2003) . The formula uses two parameters (mean and standard deviation) of operation time. Both of the parameters are assumed to be fixed. However, in training, the value of mean and standard deviation of operation time are influenced by the improvement effect and become subject of change. The value of those two parameters can be determined by the learning curve. Hence, the mean and the standard deviation of operation time in Li (2003) are substituted by the learning curve functions. Suppose that the trainee's operation time is normally distributed with a mean is determined by T r ð Þ, the standard deviation is determined by σ r ð Þ, the target for the operation time is T tar , the upper limit of the operation time is T max , and the loss at the upper limit of operation time is L max . Thus, the training loss as a function of repetition (L r ð Þ) can be expressed as:
According to Snieska et al. (2013) , the value of L max can be determined from four components, namely the training provider's opportunity loss l 1 ð Þ, cost to recover the reputation l 2 ð Þ, customer's opportunity loss l 3 ð Þ and lost benefit of savings l 4 ð Þ. Thus, L max is obtained by the following equation:
Since the training cost and the training loss are expressed as the function of the repetition number, then the total cost expression is also mathematically modelled as the function of the repetition number (Q r ð Þ) as in Equation (8).
The complete optimization model is shown in Equation (9). 
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A real case study
A real case study is provided to show the model's implementation. The case is about a twist drill manual-sharpening training program in a vocational higher education. This program aims to train employee or student to sharpen a twist drill. The sharpening skill is needed by a machine operator or a tool man. The task is quite difficult and requires particular skill. Failure in performing this task will result in poor quality of drilling, producing defect work piece or even damaging the twist drill itself. There are six quality attributes of geometry that must be checked when sharpening a twist drill (Headquarters Department of the Army, 1996). The training was conducted by two trainers with at least 5 years of experience.
Prior to the training, the trainers explain all the knowledge and give an example on how to do the task. The trainee practices to sharpen the twist drill repetitively until the result conforms to the predetermined standard. Two training achievements are measured, namely the operation time and the material consumption. The material consumption deals with the length of the twist drill (in mm) consumed in the practice. There are two indicators used by the trainer as the guidance when to terminate the training. First is when the trainee finishes the task successfully within a predetermined target of time in at least two repetitions.Second is when the available time for the training is up.
In this research, 37 first-year students of Mechanical Diploma Program were involved. The participants consisted of 36 males and only 1 female. They had relatively same educational background: 20 participants were from general high school and 17 participants were from vocational high school. The participants aged between 17 and 19 years old. None of them ever joined the similar training program. An informal interview was conducted and it was concluded that there is no significant differences in the participant's past technical experiences. From a demographic perspective, the participants were found to have fairly homogenous background. To build the learning curves, each participant was requested to repeat the task 10 times. The target and the upper limit for the operation time were determined to be 15 min and 120 min respectively. The operation time and the material needed for each repetition were recorded on a monitoring sheet. The data parameters related to costs were collected based on the information from the trainee, the trainer, and the training manager.
Results and discussion

Model parameters
The raw data of the case study are given in Appendices A and B. Table 2 shows the mean and the standard deviation of operation time and material consumption. From Table 2 , it can be seen that the average performance of the participants at the first repetition was very poor. They needed more than 3 h and more than 20 mm length of twist drill to finish the task. The standard deviation of operation time at the first repetition was also poor. It indicated that the variability of performance was high. However, there were skill improvements in each additional repetition. At the fifth repetition, the trainees needed approximately an hour and 6.5 mm length of twist drill to finish the task. At the 10 th repetition, the trainees only needed 35 min with 4 mm length of twist drill. The improvement also occurred in the variability of performance. It is showed by the decrease in the standard deviation of operation time in each additional repetition. Figure 1 shows the plot of the training data. In each plot, there is a rapid improvement in the beginning of the training followed by ever diminishing further improvements with practice. More repetitions in training make the operation time faster, less material consumption, and gap of performance among the trainees smaller. The parameters of the learning curves are found using regression technique. The coefficient of determination (R 2 ) is used to assess the goodness of fit of the regression model. Equations (2) 
The next parameters deal with the training cost model. The fixed cost is determined to be $36, resulted from the sum of administration cost and trainee's equipment cost. The time dependent rate is $0.13 per minute. It is resulted from the summation of trainee salary rate at $1.07 per hour, trainer rate at $5.36 per hour, and facility rate at $1.43 per hour. The material consumption rate is determined to be $0.04/mm, which comes from the regular price of a twist drill divided by its effective length. Thus, based on Equation (5), the training cost can be rewrite as:
For the training loss, the upper limit of the loss is determined to be $809. It is resulted from Equation (7) with the value of the training provider's opportunity loss for profit and cost to recover reputation at $176 and $107 respectively, while the customer's opportunity loss and lost benefit of savings at $300 and $225 respectively. Thus, based on Equation (6), the training loss can be rewrite as shown in Equation (14). A complete list of parameters value can be seen in Appendix C. 
Optimal solution
The optimal solution can be found by minimizing the training cost of quality. The training cost of quality is the summation of the training cost and the training loss (see Equation (8)). Thus, based on Equations (13) and (14), the model's objective function of the case study can be determined as shown in Equation (15). 
Min
The optimal number of repetition (r Ã ) can be determined when the first derivative of the objective function is equal to zero or Q 0 r ð Þ ¼ 0. The first derivative of the function can be expressed and simplified as follows: It was very hard to find r Ã by solving the equation Q 0 r ð Þ ¼ 0 analytically. Therefore, we switch to numerical method by finding the root of Q 0 r ð Þ. Utilizing Wolfram Mathematica, the optimal solution is achieved at r ¼ 26:2. Because the number of repetition is discrete, we need to round the value of the optimal solution to the closest number of 26 repetitions.
Sensitivity analysis
Model parameters are uncertain and subject of changes in the future. Sensitivity analysis is required to investigate the influence of changes in the parameters (Pannell, 1997) . In this research, there are four parameters to be analyzed: c t , L max , T tar , and T max . Those parameters are subject of change due to the management policy or inaccurate data. In the analysis, the selected parameters were varied from −50% to +50% and then the model's output (the optimal point and the total cost) variation were observed. Table 3 shows the sensitivity index of the four selected parameters. A high index value means high sensitivity. The negative sign indicates the variation in output is in the opposite direction toward the parameter change. Based on the optimal point, parameter T max has the highest value. It means the optimal point of the model is very sensitive to any change of T max . Based on the total cost, parameter c t has the highest value. It means the total cost of the model is moderately sensitive to any change of c t . The other parameters (L max and T tar ) have relatively low value of sensitivity index, therefore these parameters are not so critical to be further analyzed. Figure 2 shows the data plots of the costs. At the beginning of the training, the total cost is dominated by the loss. It means the performance of the trainee is very poor which results in the high value of the training loss. As the number of repetition increases, the loss decreases at a high rate. It means there is a rapid improvement during the early period of training. The training cost increases as it accumulates in every repetition. The decreasing loss which is accompanied by the increasing of the training cost indicates that each addition to the training cost will improve the trainee's skill. The improvement gives benefit to both the training provider and the training customer and hence contributes to the decreasing loss. After some repetitions, the improvement tends to slow and the total cost seems to be stable which means the diminishing effect occurs. The total cost still follows a decreasing trend but with a very small rate of improvement. This condition is in accordance with the phenomenon of plateau effect on the learning curve which states that the improvement effect provided by the training is getting smaller, until a certain period, the improvement effect is no longer significant. Eventually, at the 26 th repetition, the total cost has reached its minimum value which means the optimal number of repetition has been achieved. By using Equations (10) and (11), the operation time at the optimal solution can be determined which is 14 min with 1.7 mm length of material consumption. By using Equation (13), we can also determine the training cost required for each participant at the optimal solution. In this case study, the training required a cost of $264.
Discussion
What if the optimal solution is compared with the result from plateau analysis? If the optimal point is analyzed based on 2.5%/5 trial rule-plateau method as suggested in Champney et al. (2006) , the training should be stopped at 36 th repetition. It differs 10 repetitions from this research solution due to the different perspective of optimization. If the optimal point is based on the skillproficiency perspective, each participant requires a training cost of $287. Optimization in this research is based on the cost-effectiveness, not the skill-proficiency. The optimal solution resulted from this research may not necessarily be on the learning curve plateau. Though the optimal point Figure 2 . The curves of costs.
is not located at the maximum level of skill, it has already given the maximum pay-off. After reaching the optimal point, the training is not economic to be continued.
What if the current practice of the training program is compared to the model's result? Admittedly, the model's optimization result cannot be compared directly to the real condition of the training program because there was no standard on how many repetitions that the trainee should make in the training program. However, the comparison can still be made by analyzing the average repetitions and average operation time from the past data of the training program. Table  4 shows a summary of comparison between the current practice and the model's result. Based on the past data, the average number of repetitions and the average of operation time was 11 repetitions and 26 min respectively. With only 11 repetitions, it can be assured that the average of the trainee was unable to meet the predefined target of operation time consistently. According to the model, the operation time performed by the trainee after 11 repetitions will be 30 min. The model's result differs only 4 min from the real condition.
The current practice of training has potential losses. Unfortunately, there were no available information about the training loss and the training cost from the current practice. The training program is actually a part of the Diploma curriculum and the only available information is the total cost for the whole curriculum. Therefore, the comparison is made between the model's result when r = 11 and the model's optimal solution. Using Equation (14), the potential losses can be quantified. If the number of repetition is based on the current practice of training (r = 11), the training loss will be $103. But if the number of repetition is based on the optimal solution, then the training loss would be only $21. Table 3 shows that two parameters (T max and c t ) have a tendency to greatly change the optimal solution. Therefore, the allowable variation range for those two parameters need to be determined. Based on the case study, there are two rules that must be followed if the parameters are varied: the operation time cannot be more than 15 min (predefined target) and the total duration of the training cannot be more than 21 h (available time for training). Based on those two rules, the allowable variation range of parameter T max and c t are −20% to +20% and −30% to +30% respectively. If the parameter T max vary to the limit of the allowable range, the total cost will vary at maximum 3% and this is relatively not significant. If the parameter c t vary to the limit of the allowable range, the total cost will vary at maximum 21% which is relatively significant. However, the possibility for c t to vary greatly is very low. The management policy naturally tries to minimize the extreme changes of c t in order to avoid any negative risks. According to the result of sensitivity analysis, the model is reliable.
The parameter of T tar has low sensitivity index. This condition actually can be exploited to help the trainer in designing the target. If the T tar is loosened from 15 min to 30 min, the optimal solution only shifts from 26 to 25 with 14 min of operation time. If T tar is tightened from 15 min to 10 min, the optimal solution only shifts to 27 with 13 min of operation time. The optimal solution and the operation time do not shift significantly even though T tar vary greatly. This indicates that an inaccuracy in designing the target of training has only slight effect on the model's optimal solution. 
Conclusion
This research proposed a novel model based on the cost-effectiveness perspective to determine the repetition number in operation skill trainings. The model was developed by integrating the learning curve into the cost of quality. A real case study in a twist drill manual-sharpening training program was carried out to show the model's implementation. Based on the optimization results, it was revealed that the training program in the case study has potential losses. The average number of repetition was too small and needs to be extended to 26 repetitions. The model is not only useful for optimization, but also useful to reveal the training's potential losses, to estimate the training cost, and to design the training's target. Among the model's parameters, c t is identified as the most sensitive parameter. Therefore, it is suggested to be more careful in determining this parameter value. One of the limitations of this research was the small sample size which could have some consequences to the reliability and repeatability of the results. Hence, for further and more reliable research, the sample size must be larger. Another direction for further research is by including the dimensional-based quality characteristics such as the angles of the twist drill into the model. Despite the limitations, this research has successfully provided a foundation model based on the cost-effectiveness to determine the optimal number of repetition for operation skill trainings.
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